Temperature sensitivity is often used as a way to attenuate micro-organisms to convert them into live vaccines. In this work, we explore the use of temperature-sensitive (TS) genetic circuits that express lethal genes as a widely applicable approach to TS attenuation. We tested different combinations of TS repressors and cognate promoters controlling the expression of genes encoding restriction endonucleases inserted at four different non-essential sites in the Escherichia coli chromosome. We found that the presence of the restriction endonuclease genes did not affect the viability of the host strains at the permissive temperature, but that expression of the genes at elevated temperatures killed the strains to varying extents. The chromosomal insertion site of the lethal cassettes affected their functionality, and insertion at one site, ycgH, rendered them ineffective at inducing death at high temperature. Induction of a TS circuit in a growing culture led to a reduced cell mass and a reduction of the number of cells that could exclude a dye that indicated viability. Incubation of cells carrying a TS lethal gene circuit initially grown at low temperature and then suspended in phosphate buffered saline at high temperature led to about 100-fold loss of cell viability per day, compared to a minimal loss of viability for the parental strain. Strains carrying either one or two TS lethal circuits could generate mutants that survived at high temperature. These mutants included complete deletions of the lethal gene circuits.
INTRODUCTION
A significant proportion of vaccines designed to protect against microbial infections are a live, attenuated variant of the pathogenic microbe [1] [2] [3] . One form of attenuation, a temperature-sensitive (TS) phenotype, is particularly attractive, since a TS variant of a pathogen can be universally safe for vaccinating humans and other mammals. This conclusion is based on the observation that humans and nonhibernating mammals cannot survive long with a core body temperature significantly below normal, and thus the universal feature of a body temperature in the 36-38 C range protects mammals from the dissemination of a TS pathogen to the body core. A good demonstration of this safety is the lack of disease pathology induced by the TS vaccine FluMist in individuals with active AIDS [4] .
Historically, many viral vaccines were developed by repeated passage at low (~26 C) temperature to generate 'cold-adapted' variants that were usually unable to grow well at mammalian core body temperatures, and thus are 'temperature-sensitive'. Although uncommon in human bacterial vaccines, temperature attenuation has been used as a strategy for some veterinary bacterial vaccines [5, 6] .
With advances in genome engineering available from clustered regularly interspaced short palindromic repeats (CRISPR) technology and the quality control made possible through rapid DNA sequencing approaches, the possibilities for rational attenuation to temperature sensitivity have greatly expanded. This is especially true for eukaryote microbial pathogens such as Plasmodium, Leishmania and Trypanosoma species, which represent a large global health problem [7] [8] [9] , yet lack the variety of effective vaccines that are typically used to protect against viral and bacterial pathogens [10] [11] [12] .
Temperature sensitivity can be used in several ways to generate alternatives to traditional vaccine approaches. First, a microbial pathogen can be attenuated such that it dies quickly when exposed to a modest temperature increase, for example a shift from 30 to 35 C. This type of sensitivity to temperature can be used in bio-processing to kill a pathogen without denaturing protective antigens, and might be suitable in creating inexpensive veterinary or aquaculture vaccines.
TS vaccines can also be used in a strategy to allow limited replication of the vaccine strain at cool sites in a mammalian body. For example parts of the human body, such as the skin on the arms and legs, remain below 37 C in all but the most extreme temperature and humidity conditions. Inoculation of TS vaccines at such sites allows for local replication of the microbe and the stimulation of an immune response that can include both humoral and T-cell responses [13, 14] .
In this work we sought to provide a proof-of-concept for a widely applicable approach to TS attenuation, namely the creation of TS lethal gene circuits. The components needed for such a circuit are available for both bacterial and eukaryotic pathogens. For example, many lethal genes encoding restriction endonucleases, ribonucleases and other toxins target ubiquitous biological components such as DNA, RNA or proteins involved in key interactions [15, 16] . Additionally, gene regulatory proteins, such as the TetR repressor, are known to function in many bacteria, and the modified reverse trans-activating version of TetR works remarkably well in a wide variety of eukaryotes [17] .
METHODS
Bacterial strains and growth conditions E. coli DH10B (Invitrogen) was used as the host strain for cloning experiments, whereas E. coli LE392 [hsdR514(rkÀ, mk+), glnV(supE44), tryT(supF58), D(lacIZY)6, galK2, galT22, metB1, trpR55] was used as the parental strain for experiments that tested the lethal gene circuits. These strains were grown in lysogeny broth (LB) [1 % tryptone, 0.5 % yeast extract, 0.5 % NaCl (w/v)] or on LB agar unless otherwise stated. Antibiotic use included carbenicillin (Cb) at 100 µg ml À1 , gentamicin (Gm) at 20 µg ml À1 , kanamycin (Km) at 30 µg ml À1 and chloramphenicol (Cm) at 10 µg ml À1 .
DNA manipulations
High-fidelity PCR was performed using PrimeSTAR GXL DNA polymerase (Clonetech-TaKaRa) and diagnostic PCR was performed with Taq DNA polymerase (NEB). All restriction digests and ligation reactions used NEB restriction enzymes and T4 DNA ligase (NEB). Multiple DNA fragments were assembled with a Gibson Assembly Master Mix solution, which was formulated using individual NEB reagents and carried out according to NEB Gibson Assembly protocol E5510.
Random mutagenesis of tetR and isolation of TS mutants
A TetR-controllable, positive-selection reporter vector was made as follows. The broad-host range vector, pJN105 [18] , was modified to insert the tetracycline-inducible promoter, P L -tetO, by inverse PCR using primers that included the promoter sequence as 5¢ tails on the complementary region of 5¢ phosphorylated oligonucleotides. To reduce potential read-through transcription, a transcription terminator derived from bacteriophage rrnBT1 and T7TE transcription terminator sequences (BioBrick part BBa_B0015) was ligated into the SacI site, after blunting the cut site by polishing with Klenow fragment (NEB), upstream of P L -tetO. Next, the araC gene and P BAD promoter were deleted from the vector by inverse PCR. The chloramphenicol acetyl transferase (CAT) gene was then inserted into the SmaI site downstream of the controlled promoter P L -tetO.
TetR was amplified from transposon Tn10 under errorprone conditions using mutagenic PCR buffer as described by Cadwell and Joyce [19] . Briefly, a mutagenic PCR buffer was made by supplementing 10Â standard Taq buffer (NEB) with one-tenth the volume of 10Â mutagenesis buffer (0.4 mM dTTP, 0.4 mM dCTP, 2.75 mM MgCl 2 and 0.25 mM MnCl 2 ). This mixture was used in a PCR with 27 cycles to amplify tetR from Tn10 DNA. PCR products were purified using a NucleoSpin Extract II PCR purification kit (Macherey-Nagel) then digested with KpnI and PstI, column purified again, and then ligated into vector pBlueScript II KS. The mixture was electroporated into E. coli DH10B cells harbouring the TetR-controllable, positive-selection reporter vector. The cells were then recovered for 1 h at 42 C in Super Optimal broth with Catabolite repression (SOC) then plated on LB agar preheated to 42 C containing Gm, Cb and Cm (30 µg ml À1 ) and incubated overnight at 42 C. Approximately 10 000 clones were picked into 384well plates containing LB supplemented with Gm and Cb using the Genetix QPix2 Colony Picking Robot (Molecular Devices). The 384-well plates were grown for 48 h at room temperature then spotted onto LB agar containing Gm and Cb, with and without Cm. These plates were incubated at 30 C for 24 h and any clones unable to grow on Cm at 30 C, but displaying strong growth on the control plate lacking Cm, were considered putative TS mutants.
Western immunoblots
A TetR-controllable fluorescent reporter vector was created using BioBrick assembly [20] of the P L -tetO promoter and eyfp gene (BioBrick part BBa_E0430) into the iGEM standard vector pSB3K3 (http://parts.igem.org/Main_Page). Cultures were grown in LB with the appropriate antibiotics with IPTG (where indicated) and harvested at the midexponential phase. For temperature induction of YFP expression, cultures were grown at 30 C then shifted to 42 C 2 h before harvest. In cases where temperature was not indicated, cultures were grown at 37 C. Anhydrotetracycline (ATc) was added 2 h before harvest, where indicated. Samples were prepared and then separated by SDS-PAGE on a 12 % polyacrylamide gel, transferred to nitrocellulose and blocked in Odyssey blocking buffer (LI-COR Biosciences). Primary antibodies were diluted in Odyssey blocking buffer containing 0.05 % (w/v) Tween-20 and used at the following dilutions: rabbit anti-TetR polyclonal (Abcam, ab14075; 1 : 1000) and mouse anti-GFP monoclonal (Abcam, ab73933; 1 : 5000). Anti-TetR was detected using IRDye800-conjugated goat anti-rabbit and anti-GFP was detected using IRDye700-conjugated goat anti-mouse secondary antibodies (Rockland Immunochemicals) in Odyssey blocking buffer containing 0.05 % (w/v) Tween-20 and 0.01 % (w/v) SDS and then visualized using an Odyssey Scanner (LI-COR Biosciences).
TS TetR mutant control of fluorescence expression
The repressor vectors were constructed as follows. TetR gene mutants TS tetRD1 and tetRG2 were inserted downstream of the lac promoter in vector pWSK29 [21] using restriction sites ClaI and PstI; the cI857 repressor gene was inserted into pWSK29 between the PstI and BamHI sites. These repressor genes were also amplified with and without the E. coli AAV degradation tag at the 3¢ end of the gene using primers that included the sequence as 5¢ tails on the complementary region of 5¢ phosphorylated oligonucleotides. For the reporter vectors, RFP variant mCherry (Bio-Brick part BBa_J06504) was PCR-amplified with primers that added a new ribosome-binding site (RBS) and XbaI and KpnI sites, and it was then inserted into pSB3K3. All promoters were amplified with BamHI restriction site ends and were ligated upstream of the mCherry gene. These were screened by PCR detection and sequenced to ensure correct orientation. Next, the reporter vectors were subjected to plasmid extraction and transformed into E. coli DH10B cells harbouring the pWSK29 repressor vectors.
E. coli strains were grown to mid-exponential phase in LB broth at 30 C and were diluted to an OD 595 of 0.05 in EZ Rich Defined Medium (Teknova) with 2 % (v/v) glucose supplemented with Cb and Km, in a clear-bottom, black 96well microtiter plate (Greiner Bio-One). Two identical microtitre plates were prepared, one incubated at 30 C and the other incubated at 42 C. Fluorescence at an excitation wavelength of 584 nm and an emission wavelength of 632 nm was measured for an integration time of 1 s using a SpectraMax M5 plate reader (Molecular Devices) every 2 h for 7 h. The OD 595 was also measured at each time point and the fluorescence output was normalized against these readings.
Temperature-inducible lethal genetic circuit assembly
A 434 bp DNA fragment was synthesized (IDT) and consisted of a 100 bp spacer sequence flanked by controlled promoter D18 [22] and constitutive promoter J23114 (BioBrick part BBa_J23114) directed in opposing orientations. Two multiple cloning sites resided downstream of both promoters. The DNA fragment was first inserted into pWSK29 using the SacI and KpnI sites. The TS tetRD1 repressor gene was PCR-amplified with primers containing an RBS and restriction sites XbaI and KpnI and ligated into the recombinant plasmid downstream of the J23114 constitutive promoter. Next, the lethal hindIII gene was PCR-amplified from Haemophilus influenzae (gift from R. Redfield) with primers containing an RBS and the sites EcoRI and PstI. This product was ligated into the recombinant plasmid downstream of the D18 promoter, thus creating the complete lethal circuit. The complete recombinant plasmid was recovered by transforming E. coli DH10B at 30 C. The sequence of the genetic circuit has been deposited with GenBank and assigned the accession number KX607108.
A second DNA fragment (246 bp) was synthesized (GenScript) and included a 100 bp region of random sequence, the J23114 promoter and restriction enzyme sites to accommodate the insertion of any controlled promoter. This DNA fragment was digested with SacI and KpnI and ligated into pWSK29. The wild-type lambda promoter P R was synthesized from two overlapping single-stranded DNA oligonucleotides by overlap extension which included restriction site ends. The P R promoter DNA fragment was cut with XhoI and ligated into pWSK29 carrying the synthetic DNA fragment. Next, the cI857 repressor gene was PCR-amplified with primers containing an RBS and restriction sites XbaI and KpnI. This product was inserted downstream of the J23114 promoter in the recombinant plasmid. Lastly, the lethal xbaI gene was PCR-amplified with primers containing an RBS and the sites EcoRI and PstI, and ligated downstream of P R in the DNA cassette. The plasmid containing the completed lethal gene circuit was transformed into E. coli DH10B at 30 C.
Additional lethal genetic circuits were derived from the plasmid carrying the lP R -cI857-xbaI cassette by substituting other restriction enzyme-encoding genes for the xbaI gene. Inverse PCR was used to delete the xbaI gene and Gibson assembly was used to insert genes encoding BglII or Ngo-MIV; these genes were amplified using Bacillus globigii or Neisseria gonorrhea chromosomal DNA as template (gift from M. So). The organization and the sequence of the genetic elements of this cassette can be accessed from Gen-Bank (KX607111).
Flanking chromosomal overlapping regions and antibiotic selection cassettes were assembled onto the lethal genetic circuits in order for selection of integration into the E. coli chromosome. Flanking regions of 500 bp were PCRamplified according to the target locus from MG1655 genomic DNA with primers that added 20 bp overlaps. The chloramphenicol cassette (source pBC SK+), kanamycin cassette (source pSEVA221) and TS lethal circuits were all PCR-amplified with 20 bp overlaps. Fragments were assembled together on a linear backbone pWSK29 by Gibson assembly. This mixture was then electroporated into DH10B and selected on either Cm or Km at 30 C.
The sequences encoding the TS TetR mutants D1 and G2, as well as circuits TetD1-Hind and cI-Ngo, have been deposited with GenBank and assigned the accession numbers KX607108, KX607109, KX607110 and KX607111, respectively. In addition, colour-coded annotations of the TetD1-Hind and cI-Ngo gene circuits are shown in Figs S1 and S2 (available in the online Supplementary Material) respectively. Chromosomal integration of gene circuits TS lethal genetic circuits were integrated into the E. coli chromosome using a l red recombination system. The E. coli strain LE392 was made hyper-recombination proficient by introducing the l red plasmid pSC101ccdAgbaA [23] . TS lethal circuits were PCR-amplified with flanking chromosomal regions and electroporated into E. coli LE392 (pSC101ccdAgbaA) that had been induced to express the red/gam gene products. Clones were selected on Cm or Km at 30 C, and resistant clones were screened by PCR for correct integration. Positive clones were sequenced to confirm the integration of the cassette into the targeted genomic location.
Growth assay E. coli strains were grown to mid-exponential phase in LB at 30 C and were diluted 1 : 50 in fresh LB with at least three replicates each in a clear 96-well microtitre plate. This was incubated at constant temperature at 30 C in an ELx808 absorbance plate reader (BioTek). The OD 595 was measured every 15 min after a 1 min shake for a total of 30 h.
Absorbance at 42 C was found to be difficult to measure in the plate reader because of the use of small volumes and the eventual dense growth of the cultures. Instead, E. coli strains were grown to mid-exponential phase in LB at 30 C and were diluted to an OD 595 of 0.01 in 10 ml of fresh LB. Strains were grown at 42 C in triplicate with aeration for a total of 48 h. The OD 595 was measured approximately every 2 h by diluting a small volume of culture in LB and measuring the OD 595 (Cell Density Meter, model 40, Fisher Scientific). The actual absorbance was calculated by multiplying the reading by the dilution factor.
Survival assay E. coli strains were first grown to mid-exponential phase in LB at 30 C and then were diluted to an OD 595 of 1.0 in PBS). Cultures were diluted 1 : 10 in triplicate and suspended in 5 ml of PBS at 42 C for 5-7 days with aeration. Every 24 h a small volume of culture was removed, serially diluted, plated on LB agar and incubated at 30 C in order to calculate the c.f.u. ml À1 .
Viability staining and flow cytometry
Using a combination of stains allows for the assessment of the proportions of live and dead bacteria within a culture. E. coli strains were grown to mid-exponential phase at 30 C. Each strain was then diluted in duplicate to an OD 595 of 0.01 in LB, with one incubated at 30 C and the other incubated at 42 C with aeration for 24 h. Afterwards, each culture was diluted to an OD 595 of 1.0 and then serially diluted to approximately 1Â10 6 cells ml À1 . One ml of each strain was then centrifuged, washed and resuspended in 1 ml of 0.85 % (w/v) NaCl solution. Cells were then stained with the fluorescent dyes DMAO and EthD-III, which were either used alone or in combination according to the manufacturer's instructions for the Viability/ Cytotoxicity Assay for Bacteria Live and Dead Cells kit (Biotium). Once stained, bacteria were analysed with a FACSCalibur flow cytometry system (BD Biosciences) equipped with an argon laser (488 nm) at 15 mW. Green (live bacteria) and red (dead bacteria) fluorescence was collected in the FL1 [fluorescein isothiocyanate (FITC)] and FL2 [phycoerythrin (PE)] channels, respectively. All parameters were collected as logarithmic signals. The population concentrations were estimated using CellQuestPro and Flojo version 9.6.3 software.
Reversion frequency determination
Three independent cultures of the dual-circuit E. coli strain were grown from different individual colonies to mid-exponential phase at 30 C. Each culture was diluted to an OD 595 of 1.0 and a total of 1 ml was plated onto large LB agar plates and incubated at 42 C for 48 h. The actual c.f.u. ml À1 of the culture was determined by plating serial dilutions on LB agar incubated at 30 C. The reversion rate was calculated by dividing the number of colonies arising on plates incubated at 42 C by the number of c.f.u.s calculated from the plates incubated at 30 C. Sixteen c.f.u.s from each independent culture were also 'streaked' on LB agar at 30 and 42 C in order to assess the proportion of true revertants.
RESULTS AND DISCUSSION

Characterization of TS-responsive repressors and cognate promoters
Although TS repressors have been used extensively [24, 25] , we wanted to determine whether testing different TS variants of a repressor with several variant cognate promoters would yield a superior TS gene circuit. Thus we used error-prone PCR to generate 39 unique TS TetR proteins (Table S1 ) among which we identified two variants, TS TetRD1 and TetRG2, that appeared to provide good repression of the reporter gene encoding yellow fluorescent protein (YFP) (Fig. 1 ). We found that the G2 variant had one amino acid change and the D1 variant had three amino acid changes in the regulatory core domain of TetR (Fig. 2) ; these two variants were used in subsequent experiments.
In separate experiments using a distinct reporter protein, red fluorescent protein (RFP), we tested the D1 and G2 variants of TetR for their ability to repress expression at 30 C from three tetO-containing synthetic promoters [22, 26] ; we also tested variants of D1 and G2 carrying a C-terminal tag [27] that promotes rapid protein degradation. For all three synthetic promoters, we found higher expression of RFP at 42 C than at 30 C, even when no repressor was present (Figs 3 and S3 ). However, when the D1 or G2 variants of TetR were present, a greater repression at 30 C was observed and the induction at 42 C ranged from about twoto fivefold. The addition of the degradation tag to the TetR variants did not improve the RFP induction at 42 C. Because the degradation tag versions of the TS repressors did not improve the induction ratios, these forms of the repressors were not included in further experiments.
We also tested the ability of the TS lambda bacteriophage repressor cI857 to regulate expression of RFP at 30 and 42 C (Figs 3 and S3 ). The cI857 control of gene expression was comparable to the best control by TetR variants. As observed with the TS TetR variants, the addition of a degradation tag to cI857 did not improve the differential gene control at the two temperatures (Figs 3 and S3 ).
Testing restriction endonucleases as lethal gene products
We reasoned that restriction endonucleases could serve as a collection of lethal proteins, allowing one to customize the lethality based on the number of recognition sites for a particular nuclease in a targeted genome. The G+C content of the targeted genome serves as a general guide for predicting the number of sites, but it is not always accurate (Table S2) . For example, two of the restriction endonucleases used in this study, XbaI (TCTAGA) and BglII (AGATCT), have the same G+C content, but XbaI has 35 and BglII has 649 recognition sites in the E. coli K12 chromosome. Certainly, other factors would affect the lethality of a restriction endonuclease-encoding gene, including the amount of protein made, the enzymatic activity of the endonuclease and its stability.
We first tested potentially lethal genetic circuits by assembling them in the pSC101-based, low-copy plasmid pWSK29. The circuits consisted of a synthetic constitutive promoter driving the TS repressor-encoding gene and, in the opposite orientation, the gene encoding a restriction enzyme controlled by a promoter responsive to the repressor ( Fig. 4) . Expression of any of the genes encoding XbaI, HindIII, NgoMIV (isoschizomer of ClaI) or BglII in the plasmid constructs reduced the viability of the host E. coli inoculated on agar medium (Fig. S4 ). This phenotype may have been enhanced by the fact that pWSK29 can have up to five copies per chromosome, increasing the amount of restriction enzyme made, and the fact that DH10B is recombination-deficient (recA1) and poor at repairing doublestranded DNA breaks.
When we introduced our temperature-responsive lethal gene circuits into the E. coli chromosome, we found those that encoded HindIII and NgoMIV generated strains that died at high temperature (see below), but that those that encoded XbaI or BglII resulted in E. coli strains that survived at high temperature (data not shown). Thus we restricted further work to lethal gene circuits encoding either HindIII or NgoMIV.
We inserted the two lethal gene circuits encoding TetRD1 and HindIII (TetD1-Hind), and cI857 and NgoMIV (cI-Ngo), into E. coli chromosomal sites previously determined to be non-essential (Table S3 ) [28] . We found that strains carrying one or both circuits in every chromosomal locus grew similarly to the parental strain LE392 at permissive temperatures (Fig. S5) . When the TetD1-Hind circuit was inserted at the yeaH locus the resulting strain showed a levelling off of OD 595 (Fig. 5a ) and a steady loss of viability ( Fig. 5a ) upon heat induction, but insertion of this circuit at the ycgH locus resulted in a strain with no loss of viability at high temperature. The TetD1-Hind strain was also subjected to viability staining after 24 h incubation at 42 C and was revealed to exhibit a shift in the proportion of cells staining green only to green and red (Fig. 6a, b) , the latter scenario indicative of dead or dying cells. This phenotype was not observed for the parental strain when subjected to identical conditions (Fig. 6c, d) , indicating reduced viability for the TetD1-Hind strain only.
The cI-Ngo circuit was inserted at the ycgH, yeeR and insH1 loci and demonstrated a rapid killing effect at high temperature in strains with the circuit inserted at the yeeR and insH1 loci. In broth, growth was impeded immediately upon exposure to 42 C ( Fig. 6c shown for the yeeR locus) and remained at a low OD 595 for 24 h. In PBS, the cI-Ngo strain declined steadily in c.f.u. ml À1 until it reached 5 days of incubation ( Fig. 5d shown for the yeeR locus). This faster killing effect is likely to be due to the different cleavage nature of homotetrameric restriction enzymes. NgoMIV, like other tetrameric enzymes such as SfiI, consist of four catalytic sites and this class of enzyme can simultaneously cleave two recognition sites [29] , which is achieved by DNA looping [30] . There is also evidence that cleavage by these enzymes occurs more rapidly when it can bind simultaneously to two sites [31] . There are 259 NgoMIV recognition sites within the E. coli chromosome, thus allowing NgoMIV abundant access to rapidly cleave two sites at once.
As with the strain with the TetD1-Hind circuit inserted at the ycgH locus, when the cI-Ngo circuit was inserted at the ycgH locus the resulting strain retained viability at high temperature. We examined the literature in the hope of finding an explanation of the low activity of our circuits at the ycgH locus. We discovered that the topographical organization of the E. coli chromosome places the ycgH locus in a transcriptionally silent domain [32] , and this is consistent with our observations of the low lethality of strains with lethal circuits inserted at the ycgH locus.
Technical difficulties limited the use of agar medium for some viability assays, especially in determining the mutation frequency to temperature resistance. Many of the colonies that appeared at the restrictive temperature on agar medium failed to produce viable progeny when re-inoculated on fresh medium. This phenomenon compelled us to assess cell viability using cell mass changes in broth cultures or viability staining (see below). Thus, when we inoculated flasks containing growth medium with about 10 5 viable cells, we observed that 20 % of the flasks yielded bacterial growth after 4-5 days, and from these observations we estimated that the mutation frequency to temperature resistance was as high as 10 À5 per cell. After we constructed strains with two lethal circuits, the mutation frequency to temperature resistance could be calculated from inoculating agar medium, presumably due to the more rapid response to the lethal effects of two restriction enzymes.
Stability of TS lethal genetic circuits
If a TS lethal genetic circuit is to be useful in practice, it needs to be genetically stable and have a low frequency of mutation to a temperature-resistant phenotype. As noted above, we found that E. coli strains that carried one TS lethal circuit readily generated temperature-stable mutants. Previous studies have shown that having multiple barriers to viability at a non-permissive condition significantly reduces the appearance of escape mutants [33, 34] . In an attempt to reduce the frequency at which temperature-resistant mutants arose, we engineered the strain harbouring the cI-Ngo circuit to also carry the TetD1-Hind circuit at the yeaH locus, thus creating a 'dual' strain.
We found that the dual strain had a mutation frequency and a loss of viability at the restrictive temperature that differed significantly from the strains carrying only one lethal circuit. In six agar medium experiments to determine the mutation frequency to temperature resistance, we found frequencies varying from 1.3Â10 À6 to 6.8Â10 À8 per cell. A variety of phenotypes were present among the temperature-resistant colonies, and a significant proportion (~40-50 %) failed to produce robust growth at the restrictive temperature. The genotypes of a sample of temperature resistant mutants were analysed and showed a variety of genetic adaptations to create the new phenotypes. Surprisingly, some of the mutations occurred near the 5¢-end of the tetRD1 gene and these included the deletion of 12-24 bp upstream of the ORF and 3-4 codons at the beginning of the ORF (Fig. S6) ; the cI-Ngo circuit remained unchanged. In the given example ( Fig.  S6) , the deletion created an in-frame fusion to a potential start codon that is 27 bp upstream of the normal tetRD1 start codon. The predicted strengths of the RBSs associated with the normal and the new start codons were essentially the same. Another unusual genotype was the complete deletion of both lethal circuits. Equally surprising was the lack of dominance of simple point mutations, such as those that would reverse the TS phenotype of the TetR or cI857 repressors, or non-sense or disruptive missense mutations in the genes encoding the restriction enzymes.
The variety of genetic changes leading to survival at a restrictive temperature may reflect the nature of the lethal events induced by the genetic circuits. For example, the expression of restriction enzyme genes triggers a cell's DNA damage response resulting in the induction of SOSregulated genes. This regulatory network consists of~40 genes [35] and has not only been linked to repairing damaged DNA, but has been implicated in increased mutation rates and bacterial adaptation and survival [36] . SOS-regulated genes have been shown in single cells to exhibit cascading waves of expression during post-UV treatment [37] . This would imply that certain genes are periodically switched off and on, indicating that not all cells are undergoing the same progression of SOS gene induction. Additionally, the use of a recombination-proficient E. coli strain allows for DNA repair by homologous recombination. This process involves the joining of two DNA fragments containing similar sequences. With the entire chromosome under attack by restriction enzymes, the presence of many cleaved DNA fragments could effectively act as substrates for recombination, generating more heterogeneity. The SOS response can also lead to the expression of error-prone DNA polymerases able to permit DNA replication across lesions which would otherwise be stalled. The expression of these polymerases can introduce mutations at the lesion site or elsewhere in the genome [38] , which could contribute to a cell's escape by either disrupting or altering important genes or pathways. Alternatively, bacterial colonies that appeared at a restrictive temperature may have arisen from rare cells that had undergone a stochastically altered transcriptional profile similar to the phenomenon thought to occur in persister cells [39, 40] .
The results presented in this work suggest that temperatureinducible lethal gene circuits can be used to create a TS phenotype. However a number of challenges remain, especially in creating circuits that are maintained stably. The stability of synthetic gene circuits is a fundamental problem in genome engineering [41, 42] and improvements may lie in better control of transcription and translation of foreign genes, as well as judicious placement of synthetic elements in the host chromosome. Finally, further work is needed to determine the relative contributions to cell death at high temperatures due to the functioning of the lethal gene circuits versus the contributions of other factors, such as altered restriction enzyme catalysis and restriction enzyme site accessibility.
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